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ABSTRACT
We have obtained two-dimensional velocity fields in the ionized gas of a set of 8
double-barred galaxies, at high spatial and spectral resolution, using their Hα emission
fields measured with a scanning Fabry-Perot spectrometer. Using the technique by
which phase reversals in the non-circular motion indicate a radius of corotation, taking
advantage of the high angular and velocity resolution we have obtained the corotation
radii and the pattern speeds of both the major bar and the small central bar in each
of the galaxies; there are few such measurements in the literature. Our results show
that the inner bar rotates more rapidly than the outer bar by a factor between 3.3
and 3.6.
Key words: Galaxies: structure; Galaxies: kinematics & dynamics; Galaxies: evolu-
tion
1 INTRODUCTION
The idea that nested bars could provide a mechanism for
feeding the central massive black holes of galaxies dates from
an article by Shlosman et al. (1989). It was understood that
a major bar in a galaxy allows, via angular momentum ex-
change, gas to flow towards the center, but when this in
gas reaches a galactocentric radius of some the half the bar
width the gravitational asymmetry reaches virtually zero, so
the mechanism is no longer effective. Shlosman et al. (1989)
postulated that a small, nuclear bar within the main bar, of-
fering an asymmetric field allows inflow to continue towards
the nucleus. As observations increased in sensitivity, a sig-
nificant fraction of barred galaxies was observed to harbour
secondary nuclear bars, (see Erwin (2004, 2011)) although
there may not be a preponderance of double barred galaxies
among active galaxies (Erwin & Sparke 2002).
It is important to know whether nuclear bars are dy-
namically decoupled from the outer bar. Early simulation ar-
guments (Shlosman et al. 1989; Pfenniger & Norman 1990)
suggested that they should be decoupled and rotating faster
than the outer bars. This received support from orbital
models (Rautiainen & Salo 1999; Maciejewski & Sparke
2000; Rautiainen et al. 2002; Maciejewski & Athanassoula
⋆ E-mail: jfont@iac.es
2008) and N-body simulations (Rautiainen et al. 2002;
Shen & Debattista 2009). Indirect evidence that the bars
are decoupled is that that their relative position angles are
randomly distributed (Buta & Crocker 1993; Erwin 2011).
Models of individual galaxies where the gas morphology
is derived from a potential model with two rotating bars
also indicate that the two should rotate with different pat-
tern speeds; e.g. NGC 4314 (Ann 2001) and NGC1068
(Emsellem et al. 2006). For the latter the authors used sup-
porting kinematic measurements from a Sauron data cube.
There are few measurements in the literature of pat-
tern speeds for nuclear bars in double-barred galaxies.
Corsini et al. (2003) applied the Tremaine-Weinberg (TW)
method (Tremaine & Weinberg 1984) to the stellar compo-
nent of NGC 2950, showing that the two have different pat-
tern speeds, although it was difficult to obtain a reliable
value for the inner bar. Fathi et al. (2009) used the TW
method on the Hα emission line velocity fields of 10 galaxies,
finding evidence in three of them for a more rapidly rotating
nuclear bar. As shown by Maciejewski & Singh (2008), the
TW method may not give a true value for the inner pattern
speed, but it can show that there is an inner component in
rotation at a higher angular velocity than the outer compo-
nent.
We have developed a new general method for finding
corotation radii, and hence pattern speeds of resonant sys-
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tems in disc galaxies. This relies on measuring, at high
enough angular and velocity resolution, the radii at which
the non-circular velocity of the gas changes phase (Kalnajs
1978; Contopoulos & Papayannopoulos 1980). We use 2D
velocity maps in Hα emission obtained with a Fabry-Perot
spectrometer. This method requires sufficient star forming
activity to produce widespread Hα, which allows us to mea-
sure late type disc galaxies. It was introduced in Font et al.
(2011), applied to a sample of eight galaxies; in Font et al.
(2014) we applied an improved version to 104 galaxies. The
angular resolution available, in the range 0.8 - 4.4 arcsec,
lets us find the corotations of nuclear bars as well as major
bars and the spiral arm system. Here we have applied it to
eight double barred galaxies.
In the next section we describe briefly the method, in
section three we give the sources of our observations, and
present our results, including analysis of the resonances in
the individual galaxies; in section four we discuss our results.
2 THE STREAMING PHASE-REVERSAL
METHOD
The principles of the method used were described in
Font et al. (2014). Here we give a summary, to explain the
guidelines of the technique. Using a Fabry-Perot data cube
in Hα emission we derive a spectrum for each position on
a galaxy, and transform it into 2D maps of integrated flux,
l.o.s. velocity and velocity dispersion. Deriving the rotation
curve from the velocity field and subtracting it off, in two di-
mensions, from the original map we get the map of the resid-
ual, non-circular (streaming) velocities. We effect the sepa-
ration of circular and non-circular velocity over the full 2D
field, using an iterative process to yield a non-axisymmetric
field, which becomes the prime material for our method.
This residual velocity map is used to derive the phase
reversal histogram (see figure 1). We locate those positions
in the residual velocity field in which the streaming velocity
changes sign when traced along the radial direction (a phase-
reversal). To minimize noise and projection problems, a valid
phase-reversal must satisfy two criteria, based on the angu-
lar and the velocity resolutions (Font et al. 2014). Plotting
the radial distribution for the phase-reversals as a function
of galactocentric radius we assign each of the maxima in this
histogram to a resonance. From the rotation curve, we can
derive the frequency curves Ω,Ω ± κ/2,Ω ± κ/4, where Ω
is the angular speed and κ the epicyclic frequency. These
curves are used to classify the resonance as corotation, in-
ner and outer Lindblad resonance (ILR, OLR), plus the ul-
traharmonic resonances (UHR), to study the couplings be-
tween the resonances, and to determine the pattern speeds.
In Font et al. (2014) we found that most resonances for most
of the galaxies are associated with corotations, with a small
fraction of objects showing peaks which can be identified as
ILRs or OLRs.
3 RESULTS
3.1 The observational data
The data set for three of the galaxies in our sample was the
GHASP Fabry-Perot database (Epinat et al. 2008) taken on
the 1.93m telescope at the Observatoire de Haute Provence.
We selected those galaxies where we could see a double bar:
a large outer bar and a small central bar. The galaxies cho-
sen were: NGC 2595, NGC 5430 and NGC6946. The mo-
ment maps of these objects are available on the data base
(Surace et al. 2009). The observational parameters for these
objects: as pixel scale, angular and spectral resolution, and
geometrical parameters (position angle, inclination and dis-
tance) can be found in (Epinat et al. 2008).
We take from the same data base, the first moment
maps of NGC4321, NGC1097 and NGC4725, the first from
the VIRGO survey (Chemin et al. 2006) using the FaN-
TOmM Fabry-Perot at the1.6m Mont Mgantic telescope,
these authors also give the observational and geometri-
cal paramters for this galaxy; the two remaining galaxies
belong to the SINGS data base (Kennicutt et al. 2003);
(Daigle et al. 2006; Dicaire et al. 2008) took the Fabry-
Perot observations, respectively, at Mont Mgantic, The
geometrical parameters for NGC 1097 can be found in
Pin˜ol-Ferrer et al. (2014), while the observational parame-
ters for this galaxy together with all parameters of NGC
4725 are given in Daigle et al. (2006).
The data cubes for M61 (NGC 4303) and NGC 3504,
obtained at the 4.2m William Herschel telescope, La Palma,
with the GHαFaS Fabry-Perot instrument, show the highest
angular resolution or ”seeing” value (1.2 and 0.8 arcsec, re-
spectively) and spectral sampling resolution (8.25 km·s−1) ,
and S:N ratio.
3.2 Corotations and associated resonance radii
In Figure 1 we show, for each galaxy, a histogram giving
the radial dependence of the number of detected phase re-
versals. The vertical solid lines mark the radial positions of
the maxima in the distributions, positively identified as res-
onances; the horizontal bars at the top show the uncertainty
for each resonance. In the present study, we only consider
the corotations associated with the two bars. To establish
which of the resonances corresponds to the corotation of
a given bar, we first apply the bar corotation (BC) crite-
rion defined in Font et al. (2014): the strongest peak in the
phase-reversal distribution located near the end of the bar
is assumed to lie at its corotation. The position of this peak
gives the bar corotation radius. When we find two or more
peaks which satisfy the BC criterion we use the predictions
by Rautiainen et al. (2008) who give, for the main bar, val-
ues for R, the ratio of the corotation radius to the bar length
as a function of morphological type, to decide which peak
corresponds to the bar corotation radius. In each histogram
of Figure 1, the corotations of the nuclear bar and of the
outer bar are labeled as CR:Inner Bar and CR:Outer Bar,
respectively. The dashed vertical lines show the lengths of
the bars, given in Columns (4) and (8) of Table 1. We now
present a brief description of the resonances for each galaxy.
3.3 Resonance structures in the individual
galaxies
NGC1097. This nearby SBb galaxy (D = 14.5 Mpc) has a
nested bar system, first reported by Buta (1988), and later
measured by Wozniak et al. (1995). The two bar radii are
c© 2014 RAS, MNRAS 000, 1–5
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Figure 1. Histograms of the phase reversals as a function of the radial distance, for each galaxy. Ordinate axis shows the number of
phase reversals obtained using the residual velocity maps. Dashed vertical lines indicate lengths of nested bars. Solid vertical lines mark
the central positions of those peaks identified as resonances; the horizontal segments show the uncertainty in the radius of the resonance.
Table 1. Dynamical parameters of nested bars.
Object Type rin
bar
rin
CR
Rin Ωin rout
bar
rout
CR
Rout Ωout Γ
NGC (arcsec) (arcsec) (km·s−1·kpc−1) (arcsec) (arcsec) (km·s−1·kpc−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
1097 SB(s)b 7.2 16.5±2.7 2.3±0.4 136.8+12.8
−9.6
98.2±14.4 114.5±7.1 1.1±0.2 38.3+2.3
−2.1
3.6+0.4
−0.3
2595 SAB(rs)c 4.2±0.2 8.9±1.2 2.1±0.3 123.2+15.9
−12.5
23.8±1.0 36.5±2.4 1.5±0.1 35.1+2.4
−2.1
3.5+0.5
−0.4
3504 SAB(s)ab 4.1±0.4 9.9±2.7 2.4±0.7 230.5+104.7
−59.9
33±3 37.6±2.4 1.2±0.1 67.1+3.5
−3.3
3.4+1.5
−0.9
4303 SAB(rs)bc 2.1±0.1 4.6±1.0 2.2±0.4 135.0+10.0
−8.4
33.0±2.6 49.9±1.1 1.5±0.1 39.0+0.7
−0.6
3.5+0.5
−0.4
4321 SAB(s)bc 9.7±0.5 20.9±3.3 2.2±0.4 81.1+11.3
−8.6
72.0±12.0 102.5±3.3 1.4±0.1 22.8+0.7
−0.6
3.5+0.5
−0.4
4725 SAB(r)ab 8.2±0.8 17.8±3.8 2.2±0.5 92.3+7.9
−6.6
123.3±5.2 139.7±3.8 1.2±0.1 26.7+0.7
−0.6
3.5+0.3
−0.3
5430 SB(s)b 5.6±0.6 15.2±3.0 2.7±0.8 79.5+17.1
−12.4
26.1±1.0 47.5±2.6 1.8±0.1 23.8+1.7
−1.5
3.3+0.8
−0.6
6946 SAB(rs)cd 9.2±1.2 20.2±4.8 2.2±0.6 174.9+36.7
−24.8
65±5 102.9±6.6 1.6±0.2 51.3+2.8
−2.5
3.4+0.7
−0.5
Column (1): names of objects, Column (2) morphologycal type taken from RC3 (de Vaucouleurs et al. 1991). Column (3) nuclear bar
radius (see text for details and references). Columns (4), (5), respectively: corotation radius of nuclear bar from our phase reversals
method, and R: ratio of the corotation radius and the bar length. Column (6): pattern speed value associated with bar corotation.
Columns (7)-(10): same parameters as columns (3)-(6) but for the large bar. Column (11): values of Γ the ratio between the inner and
outer pattern speeds.
given in Table 1 (columns 3, 7). The inner bar length is from
Kondo et al. (2012), and from Davis et al. (2009) who argue
that the bar length should be less than 8 arcsec. The outer
bar length is the mean of the values given in Wozniak et al.
(1995), Kondo et al. (2012), Mun˜oz-Mateos et al. (2013)
and Pin˜ol-Ferrer et al. (2014); the associated uncertainty is
the standard deviation of these values. The histogram (in
Fig. 1) shows six peaks. Peak four, the strongest is assigned
to the corotation radius of the main bar using the BC cri-
terion, and we take peak one as corotation of the inner bar.
These radii are in Table 1, columns 4 and 8. Our values
for the corotation radius of the outer bar (114.5±7.1 arc-
sec) and its angular rate (38.3±2.2 km·s−1·kpc−1), agree,
within the uncertainties, with previous results obtained us-
ing different methods (see Table 1, columns 8 and 10).
Van de Ven & Fathi (2010), find an angular rate and a coro-
tation radius of and 35 km·s−1·kpc−1 and 122.3 arcsec, re-
spectively. Both values are reproduced by Pin˜ol-Ferrer et al.
(2014), using a dynamical model for the gravitational po-
tential to determine the main bar pattern speed as 36±2
km·s−1·kpc−1, placing corotation at a deprojected distance
of 122.3±7.1 arcsec from the galaxy center. They also apply
the Tremaine-Weinberg method to an ionized gas velocity
field to calculate the pattern speed, finding a value of 30±8
km·s−1·kpc−1.
NGC2595. This galaxy has a clear double bar. The
assumed distance is 58.1 Mpc. Our procedure yields four
peaks (Figure 1). Applying the BC criterion peaks 1 and 3
lie at corotation for the inner and outer bar corotation, re-
spectively. The radii of the two bars are estimated by finding
the radial position of the maxima in ellipticity at constant
position angle for ellipse fitting of the isophotes on a 3.6 µm
c© 2014 RAS, MNRAS 000, 1–5
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image (Spitzer archive), which are deprojected using the PA
of the bar and PA and inclination of the disc.
NGC3504. In this barred, ringed galaxy
(Buta & Crocker 1993) we find six peaks (Figure 1).
We attribute peak 1 to the corotation of the inner bar and
peak 4 to that of the outer bar, using the BC criterion.
The outer bar length is from Kenney et al. (1993); the
semimajor axis of the nuclear bar is determined from the
ellipticity and position angle curves of the isophotes as
functions of radius. Our pattern speed for the main bar (ΩP
= 67.6 km·s−1·kpc−1 with D = 19.8 Mpc) is quite close to
ΩP = 77 km·s
−1
·kpc−1 found by Kenney et al. (1993), but
inconsistent with the upper limit ΩP 6 41 km·s
−1
·kpc−1,
determined by Kuno et al. (2000); this is satisfied only by
our outermost resonance at 66.6±1.6 arcsec (see Figure 1)
with an angular speed of 37.9±0.9 km·s−1·kpc−1.
NGC 4303 (M61). We find six peaks in the histogram
(Figure 1). Using the BC criterion we find corotation for the
inner bar and the main bar as peaks 1 and 4, respectively.
The inner bar length is the mean of those of Erwin (2004)
and Perez-Ramirez et al. (2000), while the outer bar length
is the value of Erwin (2004). Koda & Sofue (2006) apply a
cloud-orbit model finding a corotation radius of 38.5 arcsec
for the main bar, almost compatible with our value (Table
1). Our corotation radius of the nuclear bar (4.6 arcsec) is
consistent with the length of the gas bar in Koda & Sofue
(2006), and with the analysis of Schinnerer et al. (2002),
who argued that it should lie between the inner ILR (at 2
arcsec) and the outer ILR (at 10-14 arcsec) of the outer bar.
Egusa et al. (2009) establish a lower limit for the primary
bar corotation radius rCR > 36 arcsec (consistent with our
result), and estimate the angular speed of the outer bar as-
suming a distance of 16.1 Mpc, ΩP = 24±29 km·s
−1
·kpc−1,
compatible with our value given the large uncertainty.
NGC 4321 (M100). This large nearby spiral (D =
15.9 Mpc) is intensively studied. Its inner bar is clearly vis-
ible in the near IR (see Knapen et al. (1995)), but its major
bar is weak, and rather oval in shape. We find five peaks in
our histogram (Figure 1). The BC criterion yields peak 1 as
the corotation of the inner bar and peak 4 that of the outer
bar. The sizes of the bars are from Erwin (2004), noting also
the value by Mun˜oz-Mateos et al. (2013). The corotation ra-
dius for the main bar determined here and its pattern speed
(see Table 1) are in agreement with most previous studies
which used a wide variety of methods. We have discussed
these, for the outer bar only, in Font et al. (2011), to which
the reader is referred. Hernandez et al. (2005) used the TW
method to determine the pattern speed of the inner bar,
finding 48 km·s−1·kpc−1 which not unexpectedly using TW
on gas for an inner bar, does not coincide with our value.
NGC 4725. This early type ringed galaxy shows a dif-
fuse primary bar with a nested nuclear bar. The phase rever-
sals show five peaks (Figure 1). With the BC criterion we as-
sign peaks 1 and 4 respectively to the corotations of the inner
and outer bars. The bar lengths are from Erwin (2004) and
Mun˜oz-Mateos et al. (2013). Buta (1988) found a pattern
speed for this galaxy between 13.1-29.5 km·s−1·kpc−1, plac-
ing corotation at 186 arcsec. These are not compatible with
our values for the outer bar (Table 1), but agree with the out-
ermost resonance in our phase histogram, which we attribute
to the spiral structure, and is located at 181.3±4.9 arcsec,
with an angular speed of 21.1±0.6 km·s−1·kpc−1 (taken a
distance of 17.1 Mpc).
NGC 5430. This galkaxy, located at 49.0 Mpc, has a
strong outer bar, with asymmetric outer disc, suggesting a
recent merger. It shows four histogram peaks. Using the BC
criterion we assign peak 1 to the nuclear bar corotation, and
peak 2 to that of the outer bar. The length of the nuclear bar
is determined as the radius of the local maximum of the el-
lipticity curve, while the radius of the main bar is calculated
by deprojecting the value given in Keel (1987).
NGC6946. Elmegreen et al. (1998) first reported the
bar-within-a-bar morphology, analysing near-infrared im-
ages of this late-type galaxy. The histogram, within a region
of radius 125 arcsec, shows six peaks. Peaks two and five are
assigned as corotations of the two bars, using the BC crite-
rion.The outer bar size ( Table 1) is an average of the mea-
surements of Regan & Vogel (1995) and of Elmegreen et al.
(1998); for the nuclear bar we calculated the mean of the
values of Elmegreen et al. (1998) and Tsai et al. (2013). The
TWmethod was applied to CO data by Zimmer et al. (1989)
and to Hα data by Fathi et al. (2007). The first authors
found a pattern speed of 39±13 km·s−1·kpc−1, which is well
reproduced if corotation occurs at the outermost peak (see
Figure 1), at 143.63.3 arcsec for which the angular velocity
is 39±13 km·s−1·kpc−1 (assuming a distance of 5.9 Mpc).
Fathi et al. (2007) determine two pattern speeds: a primary
one, of 22+4
−1 km·s
−1
·kpc−1, at a radius of 304 arcsec (be-
yond the limits of our data) and a secondary one of 47+3
−2
km·s−1·kpc−1, which is in agreement, within uncertainties,
with the angular rate for the outer bar found here. Values
for the corotation radius and pattern speed by authors using
other techniques can be found in Fathi et al. (2007).
4 DISCUSSION
We have determined the pattern speeds of the major bar and
the nuclear bar in eight galaxies, from early to late types, us-
ing emission in Hα from the ionized gas in their interstellar
media. The technique is straightforward, but can be per-
formed only with 2d coverage of the velocity field across the
whole galaxy disc, with good angular and velocity resolution.
This is possible using Fabry-Perot observations as described
here, but would be possible using maps of sufficient resolu-
tion in HI or CO emission lines. We find in all cases that
the nuclear bar is rotating with angular velocity consider-
ably greater than the outer bar, showing that the bars are
dynamically decoupled. The range of values for the pattern
speed ratio is quite narrow, ranging from 3.3 to 3.6, with a
mean value of 3.5+0.7
−0.5. This result is in good agreement with
gas models by Englmaier & Shlosman (2004) who predicted
a value for this ratio of 3.4 once the inner bar has stabilized
its rotation. They showed that before it has achieved this
stability the ratio should oscillate between 3.2 and 3.8, which
fits surprisingly well the range of values we find here. A se-
ries of models in Maciejewski & Athanassoula (2008) predict
values for the ratio of bar angular rates between 1.6 and 2.7.
We note also that the lowest value for the pattern speed of
an inner bar, 79.5 km·s−1·kpc−1, is quite close to the lower
limit suggested in Maciejewski & Small (2010) for orbitally
stable stellar bars. The ratio between the corotation radius
of the outer bar and its length is greater than 1 (Table 1, col-
c© 2014 RAS, MNRAS 000, 1–5
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umn 9), agreeing with simulations by Athanassoula (1992).
The values for this ratio agree particularly well with the
model predictions of Rautiainen et al. (2008), these authors
find that this ratio depends on the morphological type, in-
creasing from early type (R=1.15±0.25) to intermerdiate
type (R=1.44±0.29) and late type galxies (R=1.82±0.63).
The equivalent ratio for the inner bar (Table 1, column 5) is
found to be between 2.1 and 2.7 with a mean of 2.3, agreeing
with predictions by Maciejewski & Small (2010).
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